Abstract: We computationally study the leakage loss and bandwidth in chalcogenide negative curvature fibers. The leakage loss is decreased by a factor of 19, and the operating bandwidth is almost doubled when the optimal gap between cladding tubes is used in negative curvature fibers with six tubes. There is a wide range of the gaps between 5 and 40 m, which gives a leakage loss lower than 0.04 dB/m and a wide transmission bandwidth of 1.1 m. The optimal gap in a fiber with six cladding tubes is three times as large as the optimal gap in fibers with eight or ten cladding tubes. A larger gap is needed in a fiber with six cladding tubes to remove the weak coupling between the central core mode and the tube modes. This design of the chalcogenide negative curvature fibers using a wide range of gaps will lead to successful fiber devices with a low loss and a wide bandwidth for mid-IR transmission.
Introduction
Hollow-core photonic bandgap fibers using a periodic cladding structure with an air core in the center have attracted great interest due to their promise to realize a unique range of optical properties that are not possible in conventional fibers [1] - [5] . Recently, a new kind of air core fiber, negative curvature fibers consisting of a ring of tubes, have yielded promising results with low transmission loss [6] - [18] . Negative curvature means that the surface normal to the core boundary is oppositely directed from the core [19] - [21] . Antiresonant reflection is the guiding mechanism in the negative curvature fibers [22] , [23] . Since no bandgap is used, there is no requirement for a periodic cladding structure. The development of hollow-core chalcogenide fibers has been hampered by fabrication difficulties. This simple negative curvature structure could be used to fabricate fiber devices using non-silica glasses, such as chalcogenides. The delivery of mid-infrared radiation has been successfully demonstrated using chalcogenide negative curvature fibers [21] , [24] , [25] .
It is found that a gap between cladding tubes can effectively decrease the leakage loss in negative curvature fibers [26] - [28] . When the tubes touch, localized nodes are created, and modes exist in the localized node area. A separation between the cladding tubes removes the additional resonances in the transmission bands [26] , [27] . However, further increase in the separation between the cladding tubes decreases the mode confinement in the air core. There is an optimal gap range between these two limits. In addition, the surface tension forces straighten the tube walls in the fiber drawing process [26] . Hence, it is difficult to obtain touching circular tubes to produce a negative curvature core boundary. In a negative curvature fiber whose cladding tubes do not touch, it is possible to maintain the circular shape of the tubes even at a high drawing temperature [26] . Hence, fibers with a gap between tubes are expected easier to fabricate, since surface tension would naturally assist in maintaining the circular shape of the tubes.
Sources and transmission of mid-infrared light are important for applications in biosensing, environmental monitoring, homeland security, and medical diagnostics [29] . In this paper, we computationally study the leakage loss [30] and bandwidth in chalcogenide negative curvature fibers with 6 cladding tubes at a wavelength of 5 m. We focus on 5 m because development of quantum cascade lasers has shown great potential for the generation of mid-infrared emission around 5 m with a wall-plug efficiency of 50% and a watt-level power output [31] . We show that the leakage loss decreases and bandwidth increases with an appropriate gap between cladding tubes. Using a fiber with a tube wall thickness of 1.8 m and a gap range between 5 m and 40 m, a low transmission loss of under 0.04 dB/m and a bandwidth of 1.1 m can be achieved simultaneously for chalcogenide negative curvature fibers with 6 cladding tubes. We also compare the optimal gaps for fibers with 6, 8, and 10 cladding tubes. We find that the optimal gap in a fiber with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8 or 10 cladding tubes. The reason is that there is a weak coupling between the central core mode and the tube modes in a fiber with 6 cladding tubes. A larger gap is needed to remove the weak coupling.
Geometry
In this section, we show the geometry of the negative curvature fibers. Fig. 1 shows the full hollow-core fiber geometry with 6 tubes in the cladding. Only a quarter of the geometry is used in modeling hollow-core negative curvature fibers because of the symmetry of the modes [32] - [34] . The gray regions represent glass, and the white regions represent air. The inner tube diameter, d tube , the core diameter, D core , the tube wall thickness, t , the number of tubes, k , and the minimum gap between the cladding tubes, g, have the following relationship: D core ¼ ðd tube þ 2t þ gÞ=sinð=k Þ À ðd tube þ 2tÞ [14] , [35] . The core diameter, D core , is fixed at 150 m, and the ratio of the core diameter to the wavelength is D core = ¼ 30. Different negative curvature fibers were fabricated using a ratio of the core diameter to the wavelength that varies from 31 to 36 [6] , [7] , [27] , [28] . We calculate the fiber modes and their propagation constants using Comsol Multiphysics, a commercial full-vector mode solver that uses the finite-element method. Anisotropic, perfectly matched layers (PMLs) are positioned outside the cladding in order to reduce the size of the simulation window [36] . We simulate As 2 S 3 chalcogenide glass with a refractive index whose real part equals 2.4 and whose imaginary part equals 3:4 Â 10 À8 at a wavelength ¼ 5 m [37] .
Leakage Loss
In this section, we study the leakage loss in chalcogenide fibers with different tube wall thicknesses and different gaps between the cladding tubes. Fig. 2 shows the leakage loss as a function of tube wall thickness for a fiber with different gaps when the tube wall thickness increases from 0.5 m to 3.5 m. There are three thicknesses at t ¼ 1:2 m, 2.4 m, and 3.5 m, near which high loss occurs. These tube wall thicknesses match the resonance condition,
, where m equals any positive integer, is the light wavelength, and n 1 ¼ 2:4 and n 0 ¼ 1:0 are the refractive indices of chalcogenide glass and air, respectively [22] , [23] .
We show the first three transmission bands, labeled I, II, and III, that occur between the three tube wall thicknesses, at which high loss is present. The tube wall thicknesses corresponding to the minimum loss for these three transmission bands are located at 0.7 m, 1.8 m, and 2.9 m.
These values are consistent with the antiresonance condition, t ¼ ðm À 0:5Þ=½2ðn
where m equals any positive integer [22] , [23] . The tube wall thickness corresponding to the minimum loss only changes slightly when the gap increases from 10 m to 40 m.
In Fig. 3(a) , we plot the leakage loss as a function of the gap with tube wall thicknesses of 0.7 m, 1.8 m, and 2.9 m. The leakage loss decreases when the gap is first introduced, and the leakage loss increases as the gap increases. When there is no gap, two nearby tubes create nodes where the mode field can reside [26] , [27] . However, when the gap is too large, the field leaks through the gap, and the leakage loss increases. Fig. 3(b) shows the normalized mode intensity in the fiber with a gap of 30 m, a tube thickness of 1.8 m, and a wavelength of 5 m.
We also studied the leakage loss as a function of wavelength with different gaps. Fig. 4(a) and (b) shows the results with tube wall thicknesses of 1.8 m and 2.9 m, respectively, corresponding to the tube wall thicknesses of transmission bands II and III in Fig. 2 . The material dispersion is also included in the simulation [38] , [39] . Again, the leakage loss can be decreased when an appropriate gap is used. The minimum loss occurs at a wavelength slightly lower than 5 m because the core size is effectively larger at a smaller wavelength. The differences between the losses at a wavelength of 5 m and at the wavelengths corresponding to the minimum loss, which is near 4.8 m, is only 11% and 12% for thicknesses of 1.8 m and 2.9 m, respectively, between gaps of 10 m and 40 m. We also confirmed that the minimum loss occurs at a wavelength slightly lower than 5 m even when the material dispersion is neglected.
We also plot the leakage loss at 5 m as a function of the gap for thicknesses of 1.8 m and 2.9 m using the blue solid curves in Fig. 5(a) and (b) , respectively. The leakage loss can be 
Bandwidth
Bandwidth is another important parameter. Here, we define the bandwidth as the transmission window where the leakage loss is less than twice the minimum leakage loss. The bandwidth as a function of the gap for both thicknesses of 1.8 m and 2.9 m is shown using the blue dashed curves in Fig. 5 nearly minimum loss allows successful fiber devices as it might be hard to exactly control the size of the gap in the fiber drawing process.
Number of Tubes
In previous sections, we studied the leakage loss and the bandwidth in negative curvature fibers with 6 cladding tubes. In this section, we study the effect of the gap on the leakage loss and the bandwidth in fibers with 8 and 10 cladding tubes. The core diameter, the tube wall thickness, and the wavelength are fixed at 150 m, 1.8 m, and 5 m, respectively. We only study the transmission Band II at a tube wall thickness of 1.8 m in this section, because we find no significant difference in leakage loss between Band II and Band III, as shown in Figs. 3-5 . Fig. 6 shows the leakage loss as a function of the gap for fibers with 6, 8, and 10 cladding tubes. The blue solid curve shows the leakage loss of a fiber with 6 cladding tubes, which is the same as the blue solid curve in Fig. 5(a) . For a fiber with 6 cladding tubes, the leakage loss decreases spectively. The optimal gap in a fiber with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8 or 10 cladding tubes. In order to find the reason for the difference between the behavior with 6, 8, and 10 cladding tubes, we plot the power ratio inside the tubes for fibers with 6, 8, and 10 cladding tubes in Fig. 7 . The power ratio inside the tubes is defined as the ratio of the power inside all the cladding tubes to the total power in the fiber geometry. For a fiber with 6 cladding tubes, the power ratio inside the tubes decreases by a factor of 3.8, when the gap increases from 0 to 10 m. For fibers with 8 and 10 cladding tubes, the power ratios inside the tubes only decrease by 22% and 21% when the gap increases from 0 to 10 m, respectively. This study shows that the gap has more impact on the power ratio inside the tubes for a fiber with 6 cladding tubes. We further study the normalized electric field intensity at g ¼ 0 and g ¼ 10 m in fibers with 6 and 8 cladding tubes. Fig. 8(a) shows one quarter of the fiber geometry with 6 cladding tubes. On the other hand, the fiber with g ¼ 10 m has a cladding tube diameter of 126 m that is much smaller than the core diameter. Hence, the gap effectively decreases the diameter of tube, which reduces the coupling between the core mode and the tube modes. The gap also induces an abrupt decrease in the power ratio inside the tubes, as shown in Fig. 7 .
A quarter of the fiber geometry with 8 cladding tubes is shown in Fig. 8(b) . In this case, the diameter of tube is much smaller than the diameter of the central air core. There is almost no coupling between the central air-core mode and the cladding-tube modes, and the electric field intensities decay exponentially along the x -axis in the cladding tubes for both g ¼ 0 and g ¼ 10 m, as shown in Fig. 8(d) . Hence, for a fiber with 8 or 10 cladding tubes, there is no sharp decrease in the power ratio inside the tubes when the gap first becomes non-zero, as shown in Fig. 7 . The power ratio inside the tubes decreases almost linearly when the gap increases from 0 to 40 m. The optimal gap of 5 m to 10 m for the fiber with 8 or 10 cladding tubes is much smaller than the optimal gap of 30 m for a fiber with 6 cladding tubes, which is needed to remove the weak coupling between the core mode and the tube modes. In Fig. 8 , we show the light intensity with the electric field polarized in the x -direction. The other polarization yields similar results.
In nested negative curvature fibers, where another nested tube is inside each major lattice tube, a small gap should be used to minimize the loss [26] . A much larger gap should be used in standard negative curvature fibers with six cladding tubes, as shown in Fig. 1 , because a weak coupling between the core mode and tube modes plays an important role in this case and must be minimized. Fig. 9 shows a bandwidth comparison among fibers with 6, 8, and 10 cladding tubes. The blue dashed curve is the same as the blue dashed curve in Fig. 5(a) . When the gap increases from 0 to 5 m, the bandwidth increases sharply due to the removal of the nodes from the connecting tubes. The bandwidths for fibers with 6 and 8 cladding tubes further increase as the gap 
Conclusion
In this paper, we design tube structure in chalcogenide negative curvature fibers. Fibers with tube wall thicknesses of 0.7 m, 1.8 m, and 2.9 m satisfy an antiresonance condition and have the minimum leakage loss at a wavelength of 5 m. The gap can effectively decrease the transmission loss by a factor of 19 in the negative curvature fiber with 6 cladding tubes. We find that there is a range of the gaps, which correspond to a low leakage loss and a wide transmission bandwidth. Using a fiber with a tube wall thickness of 1.8 m and a gap range between 5 m and 40 m, a low transmission loss of under 0.04 dB/m and a bandwidth of 1.1 m can be achieved simultaneously in chalcogenide negative curvature fibers. It is found that a lower-order transmission band yields a wider bandwidth than the bandwidth from a higher-order transmission band. The optimal gap corresponding to the minimum loss in a fiber with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8 or 10 cladding tubes. A larger gap is required to remove the weak coupling between the core mode and tube modes in a fiber with 6 cladding tubes. In summary, a fiber design with low sensitivity to exact gaps allows low-loss and broadband chalcogenide fiber devices even with some uncertainties in the fiber drawing process.
